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SUMMARY 

Film-cooling t e s t s ,  with water as the coolant,  were made on an 
80° total -angle  cone i n  a Mach number 2 f r e e  j e t  a t  sea- level  pressure.  
The t e s t s  were made a t  free-stream t o t a l  temperatures from 1,500° t o  
3,000° R and a t  free-stream Reynolds numbers per f o o t  from 8 x 106 t o  
3 x 106. 

The t e s t s  showed t h a t  the downstream end of the  model became very 
hot i f  the coolant rate was too small t o  cover the complete model with 
a water f i l m .  This water film w a s  f a i r l y  symmetrical when the model 
w a s  a t  zero angle of a t t ack  but was very asymmetrical when the model 
w a s  a t  an angle of a t t ack  of 5'. 
t ranspirat ion-cool ing t e s t  showed t h a t ,  with water as the coolant,  
t r ansp i r a t ion  cooling was a t  l e a s t  2.5 times as e f f i c i e n t  as the  f i l m  
cooling of the  present  tests. 

A comparison with results of a previous 

INTRODUCTION 

The surv iva l  of a long-range b a l l i s t i c  miss i le  during atmospheric 
reentry depends t o  a g rea t  ex ten t  upon a l l e v i a t i n g  the heating load t o  
the nose region. 
previous work t h a t  f o r  la rge  weight-drag r a t i o s  the problem cannot be 
solved by geometric considerations alone, such as blunting the nose o r  
r ed i s t r ibu t ing  the  material i n  the nose t o  improve the absorption of 
the incoming hea t .  
suggested f o r  keeping the nose of the reent ry  missile a t  a temperature 
t h a t  present  mater ia ls  can withstand. A t  present,  however, the data 
ava i lab le  on the d i f f e r e n t  cooling schemes a re  in su f f i c i en t  f o r  d i r e c t  

(See r e f s .  1, 2, and 3 . )  It has been determined from 

Hence, many d i f f e r e n t  cooling schemes have been 

'Supersedes NASA Memorandum 12-27-58~ by Howard S. Carter, 1959. 
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appl icat ion t o  a given missile nose without some preliminary t e s t s  i n  
which the a c t u a l  proposed missile-nose shape and cooling scheme are 
used. 

A program w a s  i n i t i a t e d  by the P i l o t l e s s  A i r c r a f t  Research Division 
of the Langley Aeronautical Laboratory t o  determine the f e a s i b i l i t y  of 
using a film-cooling scheme on a proposed nose shape of a current  m i s -  
s i l e .  
coolant w a s  d i s t i l l e d  water e jec ted  a t  the apex of the cone. The l o c a l  
airstream swept this  water back over the surface of the cone i n  the form 
of a water f i l m .  

The proposed nose shape w a s  an 800 total-angle cone and the 

The parameters which var ied i n  t h i s  present  invest igat ion were 
free-stream t o t a l  temperature, angle of a t tack ,  coolant flow rate, and 
geometry of coolant e j e c t i o n  nozzle. The tests were made i n  the 
ethylene-heated high-temperature j e t  of the Langley P i l o t l e s s  Ai rcraf t  
Research Sta t ion  a t  Wallops Island, V a .  
12-inch-diameter j e t  a t  sea- level  pressure fo r  a Mach number of 2.03. 
The values of free-stream t o t a l  temperature f o r  the t e s t s  were approxi- 
mately 1,500°, 2,000°, 2,500°, and 3,000° R.  
of th ree  d i f f e r e n t  diameters and one umbrella-type coolant nozzle were 
used i n  the tests.  The free-stream Reynolds number per  f o o t  var ied 
during the t e s t i n g  program from 3 x 106 t o  8 x 106. 

All tests were made i n  t h i s  

Axial-type coolant nozzles 
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area, sq  f t  

angle of a t tack ,  deg 

aerodynamic heat- t ransfer  coef f ic ien t ,  Btu/( sec)  (sq f t )  (OR)  

pressure,  lb/sq f t  

l o c a l  heat- t ransfer  rate, Btu/(sec) (sq f t )  

a c t u a l  no-coolant heat load, Btu/sec 

t h e o r e t i c a l  no-coolant heat  load, Btu/sec 

radius,  f t  

densi ty  of gas flow, lb/cu f t  

dis tance along cone surface meridian from apex, f t  
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T temperature, OR 

v ve loc i ty  of gas flow, f t / s e c  

W weight of coolant per unit area of model, lb/sec per sq f t  
I of model wetted area 
1 

M Mach number 

Subscripts:  I 
a w  ad iaba t ic  w a l l  

C coolant 

00 f r e e  stream 
I 

I 2 l o c a l  
I 

I t t o t a l  

W w a l l  I 

APPARATUS 

Model 

The model, shown i n  f igure  1, w a s  an 800 total-angle cone with a 
base diameter of 5.75 inches which w a s  fabricated from type 347 s t a i n -  
less s teel .  The w a l l  thickness of the cone w a s  0.050 inch. A tube w a s  
i n s t a l l e d  along the ax is  of the cone, terminating a t  the apex where 
coolant flow nozzles of various s i z e  and geometry could be inser ted .  

I Drawings of the coolant nozzles are shown i n  f igure  2. Three of 
the nozzles had s t r a i g h t  through holes w i t h  ins ide diameters of 0.050, 
0.150, and 0.200 inch. An umbrella nozzle designed t o  d i r e c t  the flow 
t angent ia l ly  over the body w a s  a l s o  used. 
s t a i n l e s s  steel and had ex terna l  screw threads f o r  mounting i n  the nose 
of the cone. 

All nozzles were made of 

The locat ions of the thermocouples and pressure o r i f i c e s  are shown 
i n  f igure  1. There were 20 chromel-alumel thermocouples i n s t a l l e d  on 
the inner  surface of the.cone along the two meridians i n  the p i t c h  plane.  
Ten thermocouples were a l s o  i n s t a l l e d  on the inner surface a t  s t a t i o n  1.70 
so  t h a t  a thermocouple w a s  located every 30° around the body. The water 
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temperature was measured with a copper-constantan thermocouple located 
i n  the coolant flow pipe a t  approximately the locat ion shown on the 
drawing. 

Seven pressure o r i f i c e s  were i n s t a l l e d  along the two meridians a t  
r i g h t  angles t o  the thermocouple meridians. One addi t ional  o r i f i c e  w a s  
located on one of the thermocouple meridians. The locat ions of these 
e ight  o r i f i c e s  a r e  shown i n  f igure  1. A l l  pressure tubes were soldered 
t o  the s t a i n l e s s - s t e e l  model with a s i l v e r  solder  t h a t  has a melting 
point  of 1,175O F.  

Test F a c i l i t y  

The t e s t s  were made i n  a 12-inch-diameter ethylene-heated high- 
temperature j e t  of the Langley P i l o t l e s s  A i r c r a f t  Research S ta t ion  a t  
Wallops Is land,  V a .  This j e t  i s  a blowdown-type system consis t ing of 
storage spheres, a preheater, combustion chamber, and t e s t  nozzles. 
A i r  i s  kept i n  the storage spheres a t  a pressure of about 200 pounds 
per square inch and a dewpoint temperature of about -40' F. During 
operation, a i r  from the spheres i s  preheated t o  approximately 9000 R 
and passed through ducts i n t o  a combustion chamber where ethylene i s  
in jec ted  i n t o  the airstream. Igni t ion  i s  obtained by f i r i n g  a small 
sol id-propel lant  rocket i n t o  the ethylene-air  mixture. The products 
of the r e s u l t i n g  combustion are passed through the 12-inch-diameter 
nozzle and exhausted a t  ambient sea-level pressure t o  obtain shock-free 
flow a t  a Mach nmber  of 2.03. The temperature of the exhaust gas i s  
varied by changing the ethylene-air  r a t i o ,  and the s t a t i c  pressure of 
the exhaust gas i s  regulated with a valve.upstream of the combustion 
chamber. The physical c h a r a c t e r i s t i c s  of t h i s  j e t  are discussed more 
f u l l y  i n  reference 4 .  

Figure 3 shows the model, with the umbrella nozzle, mounted i n  
the j e t .  The upstream t i p  of the model was approximately 1.5 inches 
downstream of the  e x i t  plane of the  j e t  nozzle, and the axes of the 
model and t h i s  nozzle coincided. The model w a s  mounted on an elbow- 
shaped stand which encased a l l  the thermocouple wires and pressure tubes 
t o  pro tec t  them from the high-temperature free stream. This elbow-shaped 
stand w a s  mounted on a hydraul ical ly  operated, pivoted model support 
which provided f o r  swinging the model i n t o  the t e s t  sec t ion  a f t e r  equi- 
l i b r ium conditions were reached. A t  the  completion of each tes t  the 
model was swung out of the j e t  before shutdown. Thus, the model w a s  no t  
subjected t o  the t r a n s i e n t  flow conditions which occur during the 
s t a r t i n g  and shutdown of the j e t .  
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TESTS 

i 

A l l  t e s t s  were made i n  the f r e e  j e t  a t  M = 2.03 with approxi- 
mately sea- level  s t a t i c  pressure conditions a t  the j e t  e x i t  and a t  
nominal free-stream t o t a l  temperatures of 1,500°, 2,0000, 2,500°, and 
3,000° R. The 
var ia t ion  of temperature during each t e s t  w a s  not more than f50° R,  
which w a s  considered acceptable. The free-stream Reynolds number per  
f o o t  var ied from 8 x 10 
t o  3 x 10 6 a t  a free-stream temperature of about 3,000° R .  

The bas ic  data  f o r  a l l  tests a r e  given i n  t a b l e  I. 

6 a t  a free-stream temperature of about 1,500° R 

A t  approximately 1,500° R, a t e s t  was made with each coolant flow 
nozzle. The clearance between the umbrella nozzle and the model sur- 
face w a s  0.0025 inch. No s i g n i f i c a n t  differences i n  cooling were noted 
between any of these t e s t s  a t  1,500° R, regardless  of coolant-nozzle 
geometry. Hence, a t  2,000° R ,  only the 0.150-inch-diameter axial nozzle 
and the umbrella nozzle (0.0025-inch clearance) were used. A l s o ,  a t  
2,000° R no s i g n i f i c a n t  differences i n  cooling were noted between the 
two types of nozzles. Hence, a t  2,500° R and a t  3,000° R only the 
0.150-inch-diameter axial nozzle w a s  used. To provide a bas is  f o r  
evaluating the effect iveness  of these film-cooling tests, a t e s t  w a s  
performed without coolant a t  an a r b i t r a r i l y  chosen temperature of 
1,500° R .  
symmetry, a tes t  w a s  made a t  1,500° R with each of the two types of 
coolant e j e c t i o n  nozzles a t  an angle of a t tack  of 5'. 

Also,  t o  determine the e f f e c t  of angle of a t t a c k  on the flow 

A t  the beginning of each test ,  the model w a s  held out  of the j e t  
u n t i l  the free-stream flow became steady. Then the coolant flow w a s  
s t a r t e d  a t  a high r a t e  and the model w a s  swung i n t o  the je t .  It  took 
approximately 1 second f o r  the model to reach the center l i n e  of the 
j e t .  When the model reached the center  l i n e ,  a microswitch on the arm 
of the  i n j e c t o r  stand made contact and the resu l t ing  s igna l  w a s  i n d i -  
cated on the recorder.  The test then continued a t  sea-level free- 
stream pressure f o r  approximately 40 seconds. 
coolant flow rate w a s  reduced i n  s teps  u n t i l  the  downstream end of the 
model got  hot .  Then the coolant flow rate w a s  increased i n  s teps  u n t i l  
approximately the o r i g i n a l  flow rate w a s  obtained. No attempt w a s  made 
t o  obtain i d e n t i c a l  decreasing and increasing stepwise flow r a t e s .  

During t h i s  time the 

RESULTS AND DISCUSSION 

Pressure Distr ibut ions 

A t y p i c a l  pressure d i s t r i b u t i o n  f o r  each of the two d i f f e r e n t  types 
of coolant flow nozzles i s  shown i n  f igure  4. I n  these p l o t s  the l o c a l  
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surface pressure on the cone i s  expi-essed as a f r a c t i o n  of the f r e e -  
stream stagnation pressure and p l o t t e d  against  model s t a t i o n .  
data i n  t h i s  f igure  a r e  for tests B-1807 (using a 0.150-inch-diameter 
a x i a l  coolant nozzle) and f o r  B-1808 (using the umbrella coolant nozzle) .  
The two i d e n t i c a l  symbols a t  each s t a t i o n  represent the pressures f o r  
the two o r i f i c e s  a t  each s t a t i o n .  Since there  were no s i g n i f i c a n t  d i f -  
ferences i n  the pressures on opposite meridians of the model, the angle 
of a t tack  w a s  apparently very close t o  zero. 

The 

The pressure d is t r ibu t ions  i n  f igure  4 agree closely with those f o r  
a l l  the other t e s t s  a t  zero angle of a t tack .  The pressure d i s t r i b u t i o n s  
were apparently unaffected by changes i n  the diameter of a x i a l  coolant 
nozzles, i n  free-stream t o t a l  temperature, and i n  coolant flow rate. 
Different  types of nozzles, however, caused differences i n  the pressure 
d i s t r i b u t i o n s .  The pressures near the t i p  of the cone were considerably 
l e s s  with the umbrella nozzle than with the  a x i a l  flow nozzles. The t i p  
geometry of the model w a s  d i f f e r e n t  f o r  these two types of coolant noz- 
z l e s .  Apparently the l o c a l  airstream on the forward p a r t  of the model 
expanded more when the umbrella nozzle w a s  used, causing the low-pressure 
region shown i n  f igure  4. 

The pressure d i s t r i b u t i o n  predicted by cone theory (assuming a sharp 
t i p )  i s  a l s o  shown i n  f i g w e  4. 
the t h e o r e t i c a l  pressure a t  the downstream end. Evidently the blunt t i p  
of each nozzle forced the cone shock t o  be detached and hence caused the 
pressures over the whole model surface t o  be less than the t h e o r e t i c a l  
pressures.  

The pressures from both tests approach 

Temperature Distr ibut ions 

Shown i n  f igure  5 is  the tenperature d i s t r i b u t i o n  f o r  a series of 
coolant rates f o r  a t y p i c a l  t e s t  (B-1807). 
sented i n  the form of the parameter Tw - Tc/Taw - T, where Tw i s  the 
equilibrium temperature of the  cooled w a l l ,  Taw i s  the t h e o r e t i c a l  
equilibrium temperature of the uncooled w a l l ,  and 
temperature of the water. 

The temperatures a r e  pre-  

Tc i s  the o r i g i n a l  

The data  f o r  each t e s t  were obtained by decreasing the coolant flow 
rate i n  s teps  until the model became hot on the downstream end and then 
increasing it i n  s teps  t o  approximately the o r i g i n a l  rate. The method 
of p l o t t i n g  used i n  f igure  5 depicts  the approximate temperature d i s t r i -  
bution on the model surface f o r  each coolant flow r a t e  and a s s i s t e d  i n  
the f a i r i n g  of the data  toward a family of curves. 

The model w a s  constructed t o  allow temperatures t o  be obtained on 
opposite meridians. I n  addi t ion ,  several  temperature measurements were 
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t o  be obtained a t  the  1.70-inch s t a t i o n  on other  meridians. 
a l l  the temperatures a t  the 1.70-inch s t a t i o n  were i n  good agreement. 
Hence, t o  s implify the p l o t ,  only the  temperatures on the two primary 
temperature-measuring meridians are p lo t t ed  i n  f igu re  5 .  Some of the  
thermocouples were inoperative during the  tests, and thus a complete 
temperature d i s t r i b u t i o n  on each of the  two meridians could not  be 
obtained. The temperatures t h a t  could be p lo t t ed  are shown i n  the f i g -  
ure.  Double symbols f o r  a given s t a t i o n  represent  the temperatures on 
the two opposite meridians of the model. The agreement f o r  most s t a t i o n s  
was good. 

I n  general ,  

Figure 3 ind ica tes  t h a t  the water film f o r  the four  highest  coolant 
flow r a t e s  extended completely t o  the measuring s t a t i o n  farthest down- 
stream; however, f o r  the  four  lower coolant flow r a t e s ,  the water film 
did not extend tha t  far. For these lower coolant flow rates, a thermo- 
couple on one side of the model would sometimes be covered with a water 
f i l m  while t h a t  on the opposite s ide  a t  the same s t a t i o n  would not .  
This f a c t  indicated an asymmetry which appeared from the  temperature 
d i s t r ibu t ions  t o  be s m a l l  i n  a rea .  This s l i g h t  asymmetry of the water 
f i l m  helped i n  some cases t o  loca te  more c lose ly  the downstream ex ten t  
of the  water film. The basic  temperature data are given i n  table I.  

Temperature and Coolant-Rate Parameters 

A composite p l o t  of temperature parameter aga ins t  coolant-rate  
parameter i s  shown i n  f igu re  6 f o r  a l l  t e s t s  a t  zero angle of a t t ack .  
The temperature parameter i n  t h i s  f i gu re  4s f o r  the thermocouple s t a t i o n  
f a r t h e s t  downstream, where the maximum temperatures always occurred. 
s i m i l a r  p l o t  of t h i s  type could be made f o r  any other  s t a t i o n  on the 
model; however, the poin t  of maximum temperature w i l l  be of g rea t e s t  
i n t e r e s t  t o  the designer of a cooling system. 

A 

A s  the  free-stream t o t a l  temperature w a s  increased the data, as 
This made the  fairing of the shown i n  f igu re  6, became more sparse .  

higher temperature da ta  somewhat i n  doubt. However, s ince  the f a i r i n g  
of the 1,500° R data w a s  f a i r l y  w e l l  es tabl ished,  the data a t  other  
temperatures were f a i r e d  with a similar curve. A t  a free-stream t o t a l  
temperature of 3,000° R, no recorded data were obtained f o r  coolant 
flow rates low enough t o  cause the model t o  become ho t t e r  than the  
bo i l ing  poin t .  For t h i s  test ,  the  break i n  the temperature curve w a s  
made a t  the lowest flow rate. A v i sua l  ind ica tor  used f o r  monitoring 
revealed, during t h i s  3,000° R t e s t ,  t h a t  the downstream thermocouple 
s t a t i o n  (thermocouple 1) w a s  becoming hot a t  t h i s  low flow rate. The 
operator d id  not reduce the  flow rate f u r t h e r  f o r  fear that the  model 
would become hot enough t o  m e l t  out the s i l v e r  so lder  holding the  pres -  
sure tubes i n  place.  Therefore, from v i sua l  data t h a t  are not  presented 
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i n  t h i s  f igure ,  it i s  believed t h a t  the f a i r i n g  of the data f o r  3,OOOO R 
i s  approximately cor rec t .  

A s  indicated on f igure  6, four  d i f f e r e n t  coolant nozzles were used 
i n  the t e s t s  a t  1,500° R and two a t  2,OOOO R .  
differences i n  the r e s u l t s  due t o  differences i n  the coolant nozzles. 

There were no s i g n i f i c a n t  

The dashed curve which represents the  locus of boi l ing points  on 
the f igure  w a s  calculated f o r  each of the free-stream t o t a l  temperatures. 
This w a s  done by calculat ing the value of 
a t  each free-stream t o t a l  temperature and then f a i r i n g  the dashed curve 
s o  t h a t  it would pass through the s o l i d  curves a t  the respect ive 
boi l ing point  values.  
0.0014, the curve w a s  f a i r e d  from a knowledge of the two end points  and 
the approximate point  a t  1,0000 R .  The value of Tw - Tc/Taw - Tc f o r  
boi l ing was calculated f o r  l,OOOo R as f o r  the other 

Tt,oo 
by a cross f a i r i n g  of 
f igure  7 .  

Tw - Tc/Taw - Tc f o r  bo i l ing  

Tt,oo 
For values of the flow parameter between 0 and 

T+. 

against  flow-rate parameter as shown i n  

A t  a 
value of 1,0000 R ,  the value of flow-rate parameter w a s  obtained 

Tt,m 

Figure 7 presents the minimum flow rates necessary t o  maintain the 
water film t o  the thermocouple s t a t i o n  f a r t h e s t  downstream a t  d i f f e r e n t  
free-stream t o t a l  temperatures. 
1,500° R ,  t h i s  curve apparently i s  a s t r a i g h t - l i n e  function of the free- 
stream t o t a l  temperature. 
calculated end point  a t  a flow-rate parameter of zero. The minimum flow 
rate necessary t o  cool the e n t i r e  model a t  Tt ,co = l,OOOo R i s  seen from 
t h i s  curve t o  be 0.0003. This i s  the value of flow-rate parameter a t  
which the boi l ing point  w a s  p l o t t e d  i n  f igure  6 f o r  Tt+ = l,OOOo R .  

For free-stream temperatures above 

Below 1,300° R ,  the  curve w a s  faired t o  the 

A s  mentioned previously, the data  i n  f igure  6 a r e  a l l  f o r  the thermo- 
couple s t a t i o n  f a r t h e s t  downstream. When the water rate i s  just s u f f i c i e n t  
t o  cover the model with a f i l m  back t o  t h i s  point ,  the temperature param- 
e t e r  a t  t h i s  s t a t i o n  i s  seen t o  cor re la te  very wel l  with the boiling-point 
curve. The data of reference 5 f o r  the s t a t i o n  a t  the downstream end of 
the water film a r e  shown i n  f i g u r e  6 by a s o l i d  symbol which a l s o  corre- 
lates w i t h  t h i s  boil ing-point curve. 

If the data  a r e  correlated on the basis of average surface tempera- 
ture, d i f f e r e n t  r e s u l t s  w i l l  be obtained. 
ex is ted  i n  the t e s t s  of reference 5 (Tt 

,m 
perature cor re la tes  very c lose ly  with the sa tura ted  vapor temperature. 
A t  high heating r a t e s  such as ex is ted  i n  the present t e s t s  a t  
T t , m  = 3,000' R ,  the average temperature cor re la tes  b e t t e r  with the 
boi l ing temperature. 

A t  low heating r a t e s  such as 
= l,OOOo R ) ,  the  average t e m -  
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Efficiency of Film Cooling 

The primary purpose of making these film-cooling tests w a s  t o  
obtain the data shown i n  f igure  6.  However, s ince the present method 
of cooling i s  not the only one t h a t  i s  being considered f o r  possible  
use i n  cooling reentry models, some of the data are a l s o  presented i n  
a form t h a t  shows the effect iveness  or  e f f ic iency  of the  film-cooling 
method. Also, i n  t h i s  form the  data from other  cooling methods can be 
compared with the film-cooling method used i n  the present tests.  

Figure 8 presents the data  i n  the  form of an e f f ic iency  f a c t o r  
QA/QT p l o t t e d  aga ins t  coolant flow-rate parameter W/p2V2. A s  used 
i n  t h i s  repor t ,  
ex is ted  on the model a t  the  w a l l  temperature of the cooling tes t .  I t  
w a s  obtained by in tegra t ing  the  l o c a l  heat  loads over the complete 
model surface.  The l o c a l  heat loads were calculated f o r  each s t a t i o n  
from the equation 

QA i s  the a c t u a l  no-coolant heat load t h a t  would have 

92 = h~(Taw,2 - %,I) 

Then the a c t u a l  no-coolant t o t a l  heat load w a s  obta-ned from the 
lowing in tegra t ion  

11 - 

This value of QA may not be the a c t u a l  value of heat that is  
being absorbed by the water f i l m ,  s ince the heat- t ransfer  coef f ic ien t  
and equilibrium w a l l  temperature may have varied considerably from t h e i r  
values on the dry w a l l .  
f i l m  var ies  the heat- t ransfer  coef f ic ien t ,  and reference 7 shows how the 
presence of a coolant var ies  the equilibrium w a l l  temperature. This 
value of QA 
calculated f o r  most model shapes f o r  a given w a l l  temperature. 

Reference 6 shows how the presence of a w a t e r  

i s  a good reference number, however, t h a t  can be r e a d i l y  

A s  used i n  t h i s  report ,  QT i s  the t h e o r e t i c a l  no-coolant heat load 
t h a t  could have ex is ted  on the model a t  the w a l l  temperature of the 
cooling tes t ,  based on the assumption t h a t  the f u l l  cooling capacity of 
the water was used. It w a s  obtained by calculat ing the t o t a l  heat neces- 
sary t o  r a i s e  the cooling water from i t s  enter ing enthalpy t o  i t s  f i n a l  
enthalpy. It may be shown i n  equation form as 
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QT = WA(Coo1ant f i n a l  enthalpy - Coolant enter ing enthalpy) 

The coolant f i n a l  enthalpy w a s  always based on the average w a l l  tempera- 
ture of the model o r  on the boi l ing temperature of water on the model, 
whichever was grea te r .  Always included i n  QT w a s  the heat of 
vaporization. 

Figure 8 shows tha t  a t  each value of Tt,,, the e f f ic iency  increased 
as the coolant flow rate decreased. For some reason the curves a l l  
seemed t o  tend toward 
th i s  method of f i l m  cooling i s  l imi ted  i n  e f f ic iency  t o  40 percent.  

QA/QT = 0.40. This would seem t o  indicate  t h a t  

The minimum value of the flow rate parameter corresponding t o  com- 
p le te  coverage of the model w i t h  a water film was determined f o r  each 
value of Tt i n  the present t e s t s  and i n  reference 5 .  The locus of 
these points  i n  f i g u r e  8 i s  the s t ra ight  l i n e  a t  
the f i lm cooling used i n  these t e s t s  i s  approximately 26 percent e f f i -  
c i e n t  i f  the minimum value of coolant flow rate i s  used t o  maintain a 
water f i l m  on the complete model. If more than t h i s  flow rate i s  used 
the e f f ic iency  decreases, and i f  less than t h i s  flow rate i s  used t h e  
e f f ic iency  increases .  
ever, i s  that  the downstream end of the model becomes hot .  

jm 

QA/QT = 0.26. Hence, 

A disadvantage of decreasing the  flow rate, how- 

Also shown i n  f igure  8 are the data from reference 8 which present  
the r e s u l t s  of transpiration-cooling t e s t s  on an 80 total -angle  cone a t  
Tt,,, = 1,0000 R .  
tests the model temperature w a s  maintained a t  approximately l25O t o  140° F 
A t  the  lowest flow r a t e  the flow w a s  unsymmetrical as a r e s u l t  of grav i ty  
e f f e c t s  and p a r t  of the model became hot .  
reference 8, it appears tha t  t h i s  lowest flow rate would a l s o  have cooled 
the model below sa tura ted  steam temperature i f  the  grav i ty  e f f e c t s  had 
not ex is ted .  Hence, the s t r a i g h t  l i n e  i n  f igure  8 a t  QA/QT = 0.65 i s  
only approximate and perhaps should be a t  an even higher value. This 
QA/QT = 0.65 i s  the approximate l e v e l  of e f f ic iency  f o r  minimum flow 
r a t e s  necessary t o  keep the complete model surface below sa tura ted  steam 
temperature. It appears from f i g u r e  8 that the transpiration-cooling 
method of reference 8 w a s  a t  l e a s t  2.5 times as e f f i c i e n t  as the f i l m  
cooling of the present t e s t s .  

A t  the highest  three flow r a t e s  of these t r a n s p i r a t i o n  

From the da ta  as presented i n  

Effect  of Angle of Attack 

Included i n  the program were two tests a t  a = 5 O  t o  determine the 
e f f e c t  of angle of a t t a c k  on the symmetry of the water f i l m .  The bas ic  
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data  from these two t e s t s  a re  given i n  table I.  These tests were not  
o r ig ina l ly  intended t o  be included i n  the program. Hence, the model 
was not  or iented i n  the  j e t  t o  give the best data;  t h a t  is, the  main 
thermocouple meridians were not  on the leeward and windward sides of 
the model but  were 90° from these pos i t ions .  
of the  tests and sediment r ings on the  model indicated t h a t  the water 
f i lm on the model surface w a s  very asymmetrical a t  a = 5 O .  

However, motion p i c tu re s  

Two sketches ( f i g .  9 )  depic t  approximately t h i s  water-film a s p -  
metry a t  a = 5 O  f o r  each type of nozzle. It was thought t h a t  the 
mbre l la - type  nozzle would be l e s s  a f fec ted  by angle of a t t ack  than the 
axial-type nozzle. However, the motion p ic tures  and sediment r ings  did 
not show any s ign i f i can t  difference between the two types of nozzles.  
Apparently t h i s  water film starts f a i r l y  symmetrically a t  the t i p  of 
the cone but,  as a r e s u l t  of boundary-layer cross flow o r  pressure d i f -  
ferences,  the coolant i s  forced from the  windward s ide  t o  the  leeward 
s ide .  

SUMMARY OF RESULTS 

Film-cooling t e s t s ,  with water as the  coolant, were made on an 
The Mach 80° total -angle  cone i n  a f r e e  j e t  a t  sea- level  pressure.  

number of the t e s t s  w a s  2.03 and the  free-stream t o t a l  temperatures were 
approximately 1,5000, 2,0000, 2,5000, and 3,0000 R .  The following 
r e s u l t s  were obtained: 

1. A s  the  coolant rate was progressively reduced below the  minimum 
required t o  keep a water f i l m  on the complete model, the temperature a t  
the downstream end of the  model became progressively higher.  

2. There were no s ign i f i can t  differences between the cooling results 
achieved with the a x i a l  nozzle and with the umbrella nozzle.  

3. For the minimum coolant r a t e s  necessary t o  cover the  complete 
model with a water f i lm,  the e f f ic iency  f o r  a l l  tests w a s  approximately 
26 percent,  based on the t o t a l  cooling capacity of the water. 

4. When water is  used as the  coolant, t r ansp i r a t ion  cooling i s  a t  
least 2.5 t i m e s  as e f f i c i e n t  as the  f i l m  cooling of t he  present  tests.  

5 .  The water f i lm  on the  model surface was f a i r l y  s p e t r i c a l  f o r  
a l l  t e s t s  a t  a = Oo but  w a s  very asymmetrical f o r  a l l  tests a t  a = 5 O .  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field,  V a . ,  Ju ly  17, 1958. 
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TABU I.- BASIC DATA 

(a) Test B-1805 

Temperature on cooled w a l l ,  OR, f o r  
coolant flow r a t e ,  lb/sec,  of - 

0.0875 0.0670 0.0500 0.0347 0.0194 
Thermocouple 

1,330 1 691 690 708 
1,340 1,300 710 2 710 

3 
4 683 672 672 790 1,175 
5 679 672 672 740 740 
6 665 660 658 684 680 

668 
666 

7 655 655 655 676 
8 644 650 650 677 
9 617 630 635 668 657 
10 529 585 593 636 637 
11 573 570 577 589 588 
12 636 630 631 668 672 
13 648 655 648 676 692 
14 682 675 663 687 763 
15 678 669 667 683 756 

1,215 16 680 665 664 
17 732 660 655 726 
18 707 663 663 772 990 

1,315 686 1 , 063 19 722 
20 --- 
21 678 669 670 763 800 

726 22 675 660 658 676 
23 --- 665 655 675 
24 669 667 667 677 780 
25 668 665 665 675 750 

665 738 860 
681 698 

26 668 665 
669 

686 686 
27 669 667 
28 665 665 667 

669 697 
660 686 693 

29 --- 667 
30 681 660 

----_ 
----_ ----- --- 675 --- --- 

691 1,208 

----- --- -_--_ 663 --- 

----- 

----- 

Coolant nozzle 
T y p e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Diameter, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Temperature of coolant, OR . . . . . . . . . , . . . . . . . , . . . . . 
Total temperature of f r e e  stream, OR . . . . . . . . . . . . . . . . . . 
S t a t i c  pressure of f r e e  stream, lb/sq i n .  abs . . . . . . . . . . . . . 
Total pressure of f r e e  stream, lb/sq i n .  abs . . . . . . . . . . . . . . 
a , d e g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Model surface pressure,  lb / sq  i n .  abs,  a t  - 

Orif ice  1 . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . 
Ori f i ce  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ori f i ce  3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ori f i ce  4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ori f i ce  5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ori f i ce  6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Orif ice  7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Orif ice  8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

7 

Axial 
0.200 

53-5 
1,500 
14.40 
120.4 

0 

54.6 
49.3 
50.3 

51.2 
50.9 
55.3 
57.4 

49.8 
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1,020 
806 

702 
668 
654 
667 ----- 
658 

573 
652 
667 
703 
679 
676 

720 
744 

718 
666 

656 
660 
670 
662 
663 

667 

----- 

----- 

----- 

----- 

----- 

----- 

TABLE I.- BASIC DATA - Continued 

(b) T e s t  B-1807 

1,138 
1,073 

690 
679 
660 
661 
661 
653 

585 
656 
661 
696 
684 
700 

1,084 
1,121 

689 
660 

671 
660 
707 
667 
663 

671 

----- 

--- 

----- 

----- 

---- - 

----- 

Coolant nozzle 
T y p e . . . . . . . . . . . . . . . . . . . .  
Diameter, i n .  . . . . . . . . . . . . . . .  

Temperature of coolant, OR . . . . . . . . . .  
Total temperature of f r e e  stream, OR . . . . .  
S t a t i c  pressure of f r e e  stream, lb / sq  i n .  abs 
Total  pressure of f r e e  stream, lb/sq i n .  abs . 
a , d e g  . . . . . . . . . . . . . . . . . . . .  
Model surface pressure,  lb / sq  i n .  abs, a t  - 

Orif ice  1 . . . . . . . . . . . . . . . . .  
Orif ice  2 . . . . . . . . . . . . . . . . .  
Orif ice  3 . . . . . . . . . . . . . . . . .  
Orif ice  4 . . . . . . . . . . . . . . . . .  
Orif ice  5 . . . . . . . . . . . . . . . . .  
Orif ice  6 . . . . . . . . . . . . . . . . .  
Orif ice  7 . . . . . . . . . . . . . . . . .  
Orif ice  8 . . . . . . . . . . . . . . . . .  

713 
684 

668 
664 
654 
656 
650 
636 

585 
642 
656 
688 
667 
665 

681 
712 

667 

663 
660 
660 
662 
658 

661 

--- 

--- 

- -- 

--- 
654 --- 

--- 

Thermocouple 

687 
683 

668 
664 
654 
667 
662 
691 

573 
652 
661 
703 
672 
661 

660 
686 

689 

656 
660 
660 
662 
657 

667 

--- 

--- 

--- 

--- 

660 
--- 

--- 

2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  . . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

Axial 
0.050 
515 

1,460 
14.80 
120.4 

0 

54.3 

51.1 
50.8 

52.6 
55.0 
57.5 

51.4 

53-1 

Temperature on cooled w a l l ,  %, f o r  
coolant flow r a t e ,  lb/sec,  of - 

0.0695 I 0.0611 I 0.0514 I 0.0447 1 0.0410 1 0.0319 I 0.0285 1 0.0181 



TABLE I.- BASIC DATA - Continued 

(c )  Test B-1808 

Coolant nozzle 
T y p e . . . . . . . . . . . . . . . . . . . .  
Clearance, i n .  . . . . . . . . . . . . . . . 

Temperature of coolant,  OR . . . . . . . . . . 
Total temperature of f r e e  stream, OR . . . . . 
S t a t i c  pressure of f r e e  stream, lb / sq  i n .  abs 
Total  pressure of f r e e  stream, lb / sq  i n .  abs . 
a , d e g  . . . . . . . . . . . . . . . . . . . .  
Model sur face  pressure,  lb / sq  i n .  abs, a t  - 

Orif ice  1 . . . . . . . . . . . . . . . . . 
Ori f i ce  2 . . . . . . . . . . . . . . , . . 
Ori f i ce  3 . . . . . . . . . . . . . . . . . 
Ori f i ce  4 . . . . . . . . . . . . . . . . . 
Orif ice  5 . . . . . . . . . . . . . . . . . 
Orif ice  6 . . . . . . . . . . . . . . . . . 
Ori f i ce  7 . . . . . . . . . . . . . . . . . 
Ori f i ce  8 . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  . . . . . . . . . . . .  

. . . . . . . . . . . .  

. . . . . . . . . . . .  

Umbrella 
0.0025 

510 

14.80 
120.4 

0 

56.4 
52.4 
39.5 
40.1 
54.3 
52.9 
55.8 
57.9 

1,460 
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I 1 
2 
3 

, 4 

TABLE I.- BASIC DATA - Continued 

(d) Test B-1809 

I 6  5 

Coolant nozzle 
Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Umbrella 
Clearance, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . 0 .OO25 

Total temperature of f r e e  stream, OR . . . . . . . . . . . . . . . . . 2,000 
S t a t i c  pressure of f r e e  stream, lb / sq  i n .  abs . . . . . . . . . . . . 14.80 
Total pressure of f r e e  stream, lb /sq  i n .  abs . . . . . . . . . . . . . 120.0 
a , d e g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Model surface pressure,  lb/sq i n .  abs, a t  - 

Orif ice  1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55.1 
Orif ice  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 .o 
Orif ice  3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41.5 
Orif ice  4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38.8 
Orif ice  5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54.3 

53.7 Orif ice  6 . . . . . . . . . . . . , . . . . . . . . . . . . . . . . 
Orif ice  7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54.5 
Orif ice  8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56.6 

Temperature of coolant, OR . . . . . . . . . . . . . . . . . . . . . . 515 

571 
650 
686 
702 
710 
708 

718 
732 

--- 

Thermocouple 

571 
662 
690 
702 
710 
71-5 

723 
722 

--- 
1.5 
16 
17 
18 
1-9 

I 20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

I 30 

--- I --- 

Temperature on cc 
coolant f low r a  

0.1006 0.0945 

l e d  w a l l ,  OR, f o r  
e,  lb/sec,  of - 

571 577 571- 577 
667 678 667 682 
690 696 686 690 
702 702 689 696 
71.0 71-0 699 699 
708 708 696 703 



TABU I.- BASIC DATA - Continued 

(e )  Test B-1810 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 

I 30 

I 

~~ 

0.0431 0.0416 

Coolant nozzle 
T y p e . . . . . . . . . . . . . . . . . . . .  
Diameter, i n .  . . . . . . . . . . . . . . .  

Temperature of coolant,  OR . . . . . . . . . .  
S t a t i c  pressure of f r e e  stream, lb/sq i n .  abs 
Total  pressure of f r e e  stream, lb / sq  i n .  abs . 
a , & e g  . . . . . . . . . . . . . . . . . . . .  
Model surface pressure,  lb/sq i n .  abs, a t  - 

Ori f i ce  1 . . . . . . . . . . . . . . . . .  
Ori f i ce  2 . . . . . . . . . . . . . . . . .  
Ori f i ce  3 . . . . . . . . . . . . . . . . .  
Ori f i ce  4 . . . . . . . . . . . . . . . . .  
Ori f i ce  5 . . . . . . . . . . . . . . . . .  
Ori f i ce  6 . . . . . . . . . . . . . . . . .  
Orif ice  7 . . . . . . . . . . . . . . . . .  
Orif ice  8 . . . . . . . . . . . . . . . . .  

Total temperature of f r e e  stream, OR . . . . .  

0.0299 0.0183 
Thermocouple 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 

Temperatu 
coolant 

0.0694 I 0.0645 I 0.0597 
e on co 
f low r a  

0.0506 

--- 
673 
695 

. . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  

. . . . . . . . . . . . .  

Axial 
0.150 
510 

1,440 
14.67 
120.4 

0 

55.7 
51.7 
53.4 
50.7 _--- 
57.6 
55.7 
60.9 

led wall, OR, f o r  
?, lb/sec,  of - 
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TABU I.- BASIC DATA - Continued 

( f )  T e s t  B-1811 

Coolant nozzle 
Type . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Temperature of coolant,  % . . . . . . . . . . . . . . . . . . . . . . .  
Total temperature of f r e e  stream, OR . . . . . . . . . . . . . . . . .  
S t a t i c  press.ure of f r e e  stream, lb/sq i n .  abs . . . . . . . . . . . . .  
Total pressure of f r e e  stream, lb/sq i n .  abs . . . . . . . . . . . . . .  
Model surface pressure,  lb/sq in .  abs, a t  - 

Diameter, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

a , d e g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Orif ice  1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Orif ice  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Orifice 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Orif ice  4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Orif ice  5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Orif ice  6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Orif ice  7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Orif ice  8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Thermocouple 

5 
6 
7 
8 
9 
10 
11. 
12 
13 
14 
15 
16 
1-7 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
23 
50 

Axial 
0.150 
510 

2,000 
14.70 
120.0 

0 

56.9 
50.2 
51.7 
49 .O 

57.4 
54.5 
59.3 

---_ 

Temperature on cooled w a l l ,  OR, f o r  
coolant flow r a t e ,  lb / sec .  of - 

0.1450 I 0.13321 0.1221 
723 
703 

694 
694 
684 
685 

--- 
776 
74b 

I t37 . 

0.1012 

686 



TABLE I.- BASIC DATA - Continued 

(g) T e s t  B-1813 

1 
2 
3 
4 
5 
6 
7 
8 
9 

I 

i 10 
11 
12 
13 
14 
15 
16 
17 
18 
1-9 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Coolant nozzle 
T y p e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Axial 
Diameter, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.150 

Temperature of coolant, OR . . . . . . . . . . . . . . . . . . . . . . .  51.0 
Total temperature of f r e e  stream, OR . . . . . . . . . . . . . . . . .  2,500 
S t a t i c  pressure of f r e e  stream, lb/sq i n .  abs . . . . . . . . . . . . .  14.53 
Total pressure of f r e e  stream, lb /sq  i n .  abs . . . . . . . . . . . . . .  119.2 
Model sur face  pressure,  lb/sq i n .  abs, a t  - 
a , d e g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 

Or i f ice  1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 
Ori f i ce  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 
Ori f i ce  3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50.2 
Orif ice  4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  47.7 
Ori f i ce  5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 
Orif ice  6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 
Ori f i ce  7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  52.1 
Orif ice  8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 

Thermocouple 

Temperature on cooled w a l l ,  OR, f o r  
coolant flow r a t e ,  lb / sec ,  of - 
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TABLE I.- BASIC DATA - Continued 
(h) Test B-1814 

Coolant nozzle 
Type . . . . . . . . . . . . . . . . . . . .  

Temperature of coolant, OR . . . . . . . . . .  
Total temperature of free stream, OR . . . . .  
Static pressure of free stream, lb/sq in. abs 
Total pressure of free stream, lb/sq in. abs . 
u,deg . . . . . . . . . . . . . . . . . . . .  
Model surface pressure, lb/sq in. abs, at - 
Orifice 1 . . . . . . . . . . . . . . . . .  
Orifice 2 . . . . . . . . . . . . . . . . .  
Orifice 3 . . . . . . . . . . . . . . . . .  
Orifice 4 . . . . . . . . . . . . . . . . . .  
Orifice 5 . . . . . . . . . . . . . . . . .  
Orifice 6 . . . . . . . . . . . . . . . . .  
Grifice 7 . . . . . . . . . . . . . . . . .  
Orifice 8 . . . . . . . . . . . . . . . . .  

Diameter, in, . . . . . . . . . . . . . . .  
. . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . .  
. . . . . . . . . . . . .  
. . . . . . . . . . . . .  . . . . . . . . . . . . .  
. . . . . . . . . . . . .  
. . . . . . . . . . . . .  
. . . . . . . . . . . . .  
. . . . . . . . . . . . .  . . . . . . . . . . . . .  

Axial 
0.150 
51.0 

1,440 
14.55 
120.4 

5 

Thermocouple 

5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

Temperature on cooled w a l l ,  OR, 
coolant f l o w  rate, lb/sec, of 

0.0771 

~ 712 
~ 769 

0.0652 0-0592 

573 
684 
691 
695 
774 
891 

687 

875 

1,378 

693 

0.0571 0.0520 

'or 

0.0488 I 0.0387 



TABW I.- BASIC DATA - Continued 

(i) Test B-1815 

Coolant nozzle 
T y p e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Clearance, i n .  . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Temperature of coolant, OR . . . . . . . . . . . . . . . . . . . . . . 
Total temperature of f r e e  stream, OR . . . . . . . . . . . . . . . . . 
S t a t i c  pressure of f r e e  stream, lb/sq i n .  abs . . . . . . . . . . . . 
Total pressure of f r e e  stream, lb /sq  i n .  ab6 . . . . . . . . . . . . . 
a , d e g  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Model sur face  pressure,  lb/sq i n .  abs, a t  - 

Orif ice  1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Orif ice  2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Orif ice  3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Ori f i ce  4 . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . 
Ori f i ce  5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Orif ice  6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Orif ice  7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Orif ice  8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Umbrella 
0.0025 

51.0 
1,440 
14.57 
120.4 

5 
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TkIZE I .- BASIC DATA - Continued 

( j )  T e s t  u-1816 

Coolant nozzle 
Type . . . . . . . . . . . . . . . . . . . .  
Diameter, i n .  . . . . . . . . . . . . . . . 

Temperature of coolant, OR . . . . . , . . . . 
Total temperature of free stream, OR . . . . . 
S t a t i c  pressure of f r e e  stream, lb / sq  i n .  abs 
' i 'o ta l  pressure of free stream, lb /sq  i n .  abs . 
a ,deg  . . . . . . . . . . . . . . . . . . . .  
Model surface pressure,  l b / s q  i n .  abs, a t  - 

Orif ice  1 . . . . . . . . . . . . , . . . . 
Ori f i ce  2 . . . . . . . . . . . . . . . . . 
Orif ice  3 . . . . . . . . . . . . . . . . . 
Orif ice  4 . . . . . . . . . . . . . . . . . 
Orif ice  5 . . . . . . . . . . . . . . . . . 
Orif ice  6 . . . . . . . . . . . . . . . . . 
Orif ice  7 . . . . . . . . . . . . . . . . . 
Orif ice  8 . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

. . . . . . . . . . . . .  

Axial 
0.050 

None 
1,360 
14.80 

0 
120.5 
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TABLE I.- BASIC DATA - Concluded 
(k) Test B-1818 

Coolant nozzle 
Type.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Axial 
Diameter, in. . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 .l5O 

Temperature of coolant, OR . . . . . . . . . . . . . . . . . . . . . . .  5lO 
Total temperature of free stream, OR . . . . . . . . . . . . . . . . . .  3,060 

a,deg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 

Static pressure of free stream, lb/sq in. abs . . . . . . . . . . . . .  14.90 
Total pressure of free stream, lb/sq in. abs . . . . . . . . . . . . . .  118.7 

Model surface pressure, lb/sq in. abs, at - 
Orifice 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 
Orifice 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 
Orifice 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  50.3 
Orifice 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  48.6 
Orifice 5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 
Orifice 6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 
Orifice 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  54.6 
Orifice 8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ---- 

Thermocouple 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2  
13 
14 
15 
16 
17 
18 
19 
20' 
21 
22 

25 
26 
27 
28 
29 
30 
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Figure 2.- Drawings of the four nozzles (not  t o  s c a l e ) .  A l l  dimensions 
are i n  inches. 
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L-57-5198 
Figure 3 . -  Photograph of the 80° total-angle cone mounted i n  the 

ethylene -heated high-temperature j e t  . 
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Figure 5 . -  Temperature d i s t r ibu t ions  f o r  a series of coolant flow 
rates from a t y p i c a l  t e s t  ( tes t  B-1807). 
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Figure 8.- Efficiency of f i l m  cooling from reference 5 and present  
tests, and of t ranspi ra t ion  cooling from reference 8. 
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